Bortezomib, a specifi c and reversible inhibitor of the proteasome function that is crucial for protein degradation ( 18 ) , has been approved by the Food and Drug Administration for the therapy of multiple myeloma ( 19 ) and has been shown by us and others ( 20 -22 ) to sensitize tumors to TRAIL. However, to date no experimental evidence exists as to whether bortezomib can be combined with TRAIL or TRAIL receptor agonists in vivo for therapy of preexisting tumors within acceptable limits of toxicity.
Here we examined the therapeutic potential and the toxicity of the combination of bortezomib and the TRAIL receptor DR5 agonist monoclonal antibody MD5-1 in mice bearing Renca and 4T1 carcinomas. The molecular basis of bortezomib sensi tization of tumor cells to TRAIL-mediated apoptosis was also investigated.
Methods

Tumor Cell Lines
The renal cell adenocarcinoma (Renca) cell line of BALB/c origin was provided by Dr Robert H. Wiltrout (National Cancer Institute [NCI] -Frederick). To obtain Renca cells that were sensitive or relatively resistant to a TRAIL-mediated death signal, stable cell lines of TRAIL-sensitive Renca-FLAG and TRAIL-resistant Renca-FLIP were generated by transfecting complementary DNA (cDNA) encoding control vector FLAG or FLAG-tagged murine cellular Fas -associated death domain -like interleukin (IL)-1 -converting enzyme -inhibitory protein (cFLIP L ) under the control of a
CONTEXT AND CAVEATS
Prior knowledge
Tumor necrosis factor -related apoptosis-inducing ligand (TRAIL) is involved in host immunosurveillance against tumor development and metastasis and been shown to have antitumor activity in various mouse models of human cancers. Bortezomib is an inhibitor of protein degradation and has been approved by the Food and Drug Administration for the treatment of multiple myeloma.
Study design
Cell viability and signaling of apoptotic death of mouse renal adenocarcinoma and mammary carcinoma cells were assayed after treatment with TRAIL and/or bortezomib. Development of lung metastases and survival of mice carrying tumors derived from these cells were measured after treatment with bortezomib and/or MD5-1, a TRAIL receptor agonist antibody.
Contributions
More cells underwent apoptotic death after treatment with bortezomib and TRAIL than with TRAIL alone. Mice treated with bortezomib and MD5-1 lived longer and developed fewer lung metastases than mice treated with MD5-1 alone.
Implications
The combination of bortezomib and a TRAIL agonist antibody may be useful in the treatment of solid metastatic tumors.
Limitations
It is unknown whether results will be similar in humans or what nonspecific toxic effects a similar drug combination might have in humans.
cytomegalovirus promoter (provided by Dr J. P. Medema, University of Leiden, Leiden, The Netherlands) with selection in G418 (400 µ g/mL) as described previously ( 5 ) . The mouse mammary carcinoma cell line 4T1 was provided by Dr Suzanne Ostrand-Rosenberg (University of Maryland Baltimore County, Baltimore, MD). The murine neuroblastoma tumor cell line TBJ, which is a metastatic subclone of Neuro-2a cells, was provided by Dr Rosalba Salcedo (NCI -Frederick). Human renal cell carcinoma lines ACHN and A498, and breast carcinoma lines MDA-MB-231 and BT-549 were purchased from the DTP Molecular Targets Program, NCI -Frederick. All cell lines were maintained in RPMI-1640 supplemented with 10% fetal calf serum, 2 mM l -glutamine, 1× nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 µ g/mL streptomycin, 10 mM HEPES, and 5 × 10 
Retroviral Transduction of Bcl-2
High levels of the Bcl-2 protein can inhibit the intrinsic apoptotic cell death pathway ( 1 ) . To assess the role of the intrinsic cell death pathway in bortezomib sensitization of tumor cells to TRAIL, a Bcl-2 retroviral expression vector was made by inserting human Bcl-2 cDNA (GenBank accession code NM_000633) into the EcoR I site of the pMIG-GFP plasmid ( 23 ) and transfecting the plasmid into the phoenix-Eco 293 packaging cell line (Orbigen, Inc, San Diego, CA) using FuGene 6 (Roche, Indianapolis, IN). The retroviruscontaining supernatant was collected 48 hours after transfection. 4T1 cells (1.0 × 10 6 ) were mixed with retroviral supernatant (4 mL) in the presence of polybrene (8 µ g/mL) and centrifuged (900 g , 1 hour, room temperature). Transduced cells (4T1-Bcl-2) were washed and cultured overnight before they were sorted for the expression of green fluorescence protein on a FACSAria (Becton Dickinson Immunocytometry Systems, San Jose, CA) using a 100-µ m nozzle and a low-pressure set up. The laser used was a Coherent Sapphire solid-state laser at 488 nm and 13 mW of power. The two band-pass filters were a 530/30 on detector E for green fluorescence and on 575/26 detector D for phycoerythrin on the 488 emmision collection octagon. Only cells that stained positive were used in experiments evaluating the effect of Bcl-2 transduction in 4T1 cells on bortezomib sensitization to TRAIL.
Monoclonal Anti-DR5 Antibody Production
A hamster monoclonal IgG2 anti -mouse DR5 (MD5-1) was purified from concentrated tissue culture supernatants of MD5-1 hybridoma cells by a nonchromatographic procedure ( 24 ) . Pooled fractions were dialyzed against phosphate-buffered saline (PBS; 2.68 mM KCl, 1.47 mM KH 2 PO 4 , 136.89 mM NaCl, and 8.1 mM Na 2 HPO 4 ), sterile filtered (0.2-µ m polyethersulfone membrane), and maintained at Ϫ 20°C for long-term storage or at 4°C for use within 1 week.
Estimation of Viable Cell Numbers
To determine the cytotoxic activity of TRAIL (four independent experiments in triplicate), we plated Renca-FLAG, Renca-FLIP, TBJ, 4T1, and 4T1-Bcl-2 cells (5 × 10 3 cells per well, 37°C, 5% CO 2 ) in flat-bottomed microtiter plates, and the next day cells were left untreated or were treated with bortezomib (provided by Millennium Pharmaceuticals, Cambridge, MA). A stock solution of 2.6 mM bortezomib in 0.9% NaCl was diluted to 10 or 20 nM in tissue culture media. After 3 -12 hours, cells were treated overnight with soluble recombinant mouse or human TRAIL (1000 ng/mL) (BioMol, Plymouth Meeting, PA) that had been crosslinked by prior treatment with mouse monoclonal anti-polyhistidine (R&D Systems, Minneapolis, MN; 2 µ g antibody per µ g TRAIL).
In experiments that included sequential treatment (seven independent experiments in triplicate), cells were washed with PBS to remove bortezomib before treatment with TRAIL for 12 or 24 hours. To assess the role of caspase activation in the reduction of tumor cell number (two independent experiments in triplicate), the pan-caspase inhibitor zVAD-FMK (R&D Systems) or the control zFA-FMK (ICN Pharmaceuticals Inc, Aurora, OH) was added at a final concentration of 40 µ M, 2 hours before treatment with TRAIL.
To determine the cytotoxic activity of immobilized MD5-1 against Renca-FLAG, Renca-FLIP, and 4T1 cells (three independent experiments in triplicate), the cells were treated overnight with medium or with bortezomib (20 nM) and then were isolated and washed with tissue culture media. Cells were then plated (5 × 10 3 cells per well) on Reacti-Bind protein A -coated 96-well plates (Pierce, Rockford, IL) that had been precoated overnight at 4°C with hamster monoclonal anti -mouse MD5-1 antibody at 5 µ g/mL and washed free of unbound antibody. The plates were centrifuged briefl y (500 g at room temperature) and incubated overnight (37°C, 5% CO 2 ). In some experiments, staurosporine (0.2 µ g/mL) was added to 4T1 and 4T1-Bcl-2 cells for 18 hours as a positive control, that is, to demonstrate that cells transduced with Bcl-2 were protected from an apoptosis-inducing agent (ie, staurosporine) whose action is known to be dependent on mitochondrial perturbation (three independent experiments in triplicate).
Viable 
Flow Cytometry to Measure DR5 Cell Surface Expression and Apoptosis
Renca-FLAG, Renca-FLIP, and 4T1 cells were treated overnight with bortezomib (20 nM) or medium. Nonspecific antibody binding was blocked by treatment with rat monoclonal anti -mouse CD16/32 (Fc ␥ R) (1:50; BD Biosciences Pharmingen, San Jose, CA). Cells were stained for surface DR5 immunofluorescence using purified hamster monoclonal anti -mouse MD5-1 (1 µ g per 1 × 10 6 cells) and secondary biotinylated mouse anti -Armenian and Syrian hamster IgG (0.5 µ g per 1 × 10 6 cells) or its isotype IgG 2b (0.5 µ g per 1 × 10 6 cells) and phycoerythrin-labeled streptavidin (1:2000; BD Pharmingen) according to standard procedures. Cells were stained with Annexin-Vfluorescein isothiocyanate and propidium iodide using a TACS apoptosis detection kit (R&D Systems) according to the manufacturer ' s protocol. Stained cells were subjected to flow cytometry using a FACSCalibur flow cytometer (BD Biosciences), and data were analyzed using CellQuest (BD Biosciences) or FlowJo (Treestar Inc, San Carlos, CA) software. Four independent experiments were performed with single samples.
Evaluation of Mitochondrial Membrane Depolarization
Renca-FLAG, Renca-FLIP, 4T1, and TBJ cells were treated overnight with medium or with 10 nM of bortezomib. Cells were then stained with a bivariate mitochondrial membrane potential cationic dye 5,5 ′ ,6,6 ′ -tetrachloro-1,1 ′ ,3,3 ′ -tetraethylbenzimidazolycarbocyanine iodide (JC-1) following the manufacturer's protocol (Cell Technology Inc, Mountain View, CA). JC-1 is a potentiometric dye that exhibits a membrane potential -dependent loss as J-aggregates (polarized mitochondria) transition to JC-1 monomers (depolarized mitochondria); the loss of membrane potential is indicated by the fluorescence emission shift from red to green. Therefore, mitochondrial depolarization is indicated by an increase in the ratio of the green fluorescence to red fluorescence intensity. The data were acquired and analyzed by flow cytometry as described above. Five independent experiments were performed with single samples.
Assessment of Caspase-8 and Caspase-3 Enzyme Activities
Caspase-8 and -3 activities in Renca-FLAG, Renca-FLIP, and 4T1 cells were measured using the Caspase-Glo assay kit (Promega) as directed by the manufacturer but with some modifications. Briefly, the cells (5 × 10 3 cells per well) were plated in a white-walled 96-well luminometer plate and treated overnight with or without bortezomib (10 nM). The cells were then treated with mouse TRAIL (1 µ g/mL) for 2 hours, followed by incubation with Caspase-Glo 8 or 3/7 buffer with luciferase and proluminescent substrates ( provided by the manufacturer), containing either the amino acid sequence LETD or DEVD, which are cleaved by caspase-8 and caspase-3, respectively. A high concentration of bortezomib (20 µ M) was included in the buffer -substrate mixture to block the endogenous caspase-like activity of the proteasome in the samples. An equal volume (100 µ L) of the buffer -substrate mixture was added to each test well of the plate, which was incubated at room temperature for 10 minutes with shaking. The luminescence of each well in the plate after applying the white adhesive backing to the bottom of the plate was measured in a plate-reading luminometer (Wallac Victor 1420 Multilabel Counter, Perkin Elmer, Shelton, CT). The control for background luminescence was tissue culture media alone. Untreated cells were used as the control for levels of endogenous caspase activity. Luminescence (lumen) readings were taken after cells had been incubated with the buffersubstrate mixture for 30 minutes at room temperature. Four independent experiments were performed in triplicate.
Immunoblotting of Proteins Involved in Apoptotic Pathways
Immunoblotting was performed using NuPage 4% -12% Bis-Tris gels (Invitrogen, Carlsbad, CA) as described previously (5) . Briefly, proteins (20 µ g) from total cell lysates of Renca-FLAG, Renca-FLIP, and 4T1 cells that had been treated overnight with 20 nM bortezomib were separated by gel electrophoresis under reducing conditions, transferred to polyvinylidene difluoride membranes (Invitrogen), and probed with the mouse monoclonal antibodies FLIP Dave-2 (1:1000; Kamiya Biomedical, Seattle, WA), cIAP-1 (1:1000; R&D Systems), XIAP (1:250; BD Biosciences, San Diego, CA), or anti -␤ -actin AC74 (1:5000; Sigma, St Louis, MO) overnight at 4°C, followed by appropriate horseradish peroxidaseconjugated secondary antibodies (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA) (four independent experiments with individual samples). To assess caspase-8 activation, cells that had been incubated overnight in the presence or absence of 10 nM bortezomib were treated for 5 hours with recombinant mouse TRAIL (1000 ng/mL) before cell lysates were prepared. Monoclonal mouse anticaspase-8 1G12 (1:2000; Alexis Biochemicals, San Diego, CA) was used to detect the cleaved (ie, active) form of caspase-8 (three independent experiments with individual samples). Antibody -protein complexes were detected using SuperSignal West Dura extended duration or Femto maximum sensitivity substrate (Pierce, Woburn, MA) according to the manufacturer's instructions. were administered to mice intraperitoneally on days -1, 1, 8, and 15 with respect to the day of tumor injection. All mice were monitored for the relevant outcome (ie, tumor metastasis or survival) and were killed by CO 2 inhalation when moribund (survival studies; 10 independent experiments) or on day 18 for analysis of lung metastases (tumor metastasis studies; four independent experiments), at which time lungs were surgically removed and fi xed using Bouin's fl uid, and the number of lung tumor nodules as a measure of tumor burden were counted using a dissection microscope.
Mice
Assessment of Toxicity Following Treatments With Bortezomib and Anti-DR5
In experiment 1, 7-to 8-week-old BALB/c WT mice were injected intraperitoneally with saline (two mice) or with bortezomib (1.5 mg/kg) on days 1, 4, 8, 16, 22, and 29 and MD5-1 (50 µ g per mouse) on days 2, 5, 9, 17, 23, and 30 (three mice). Mice were analyzed on day 31, 2 days after the final bortezomib injection. In experiment 2, mice were injected on day 0 with Renca-FLAG cells (1 × 10 4 ) and injected intravenously with saline (13 mice) or with bortezomib (1 mg/kg body weight) plus MD5-1 (50 µ g per mouse) (13 mice) on days 4, 7, 12, and 15. Bortezomib was injected 5 hours before MD5-1.
Blood was collected by cardiac puncture on day 18 from three mice that were randomly selected and killed from each group in experiment 2. Blood was subjected to automated hematology analysis (KX-21, Sysmex Corporation, Kobe, Japan), and numbers of red and white blood cells, lymphocytes, and platelets were calculated. Serum levels of liver enzymes serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were measured using a CDCHemavet (Oxford, CT), which was calibrated for mouse blood.
Mice in experiments 1 (fi ve mice) and 2 (six mice) were weighed, killed by CO 2 inhalation, and subjected to necropsy examination. Livers and thymus glands were weighed. A comprehensive set of organs and tissues were collected and fi xed in 10% neutral buffered formalin. Tissues were processed by standard methods, paraffi n embedded, sectioned at 5-µ m thickness, and stained with hematoxylin and eosin. Brains, kidneys, thymus, livers, spleens, lungs, small and large intestines, vertebrae, and spinal cords from all fi ve mice from experiment 1 (114 days of age) as well as thymus and livers from all six mice from experiment 2 (68 days of age) were evaluated by a board-certifi ed veterinary pathologist (Dr Diana C. Haines, NCI -Frederick).
Statistical Analysis
Comparisons of mean values between the groups were analyzed using GraphPad Instat software (GraphPad Prism, GraphPad Software Inc, San Diego, CA). Statistical significance of the differences was analyzed by using unpaired Student t test for comparisons of two groups or by one-way analysis of variance for comparisons of more than two groups. Comparisons of survival curves estimated by Kaplan -Meier plots using GraphPad Prism were performed by the log-rank (Mantel -Cox) test. All statistical tests were two-sided; P values less than .05 were considered statistically significant.
Results
Bortezomib-Induced Sensitization of Renal and Mammary Mouse Tumors to TRAIL
We evaluated the effect of bortezomib-induced proteasome inhibition on TRAIL-mediated death of Renca-FLAG, Renca-FLIP (Supplementary Figure 1, available online) , and 4T1 cells. No substantial decrease in cell number was observed following TRAIL or bortezomib treatment alone. However, combination treatment with bortezomib (20 nM) and TRAIL (1 µ g/mL) led to a decrease in the number of viable tumor cells (mean percent decrease in numbers of viable cells among bortezomib + TRAIL vs TRAIL-treated cells, Renca-FLAG, 95% vs 34%, difference = 61%, 95% confidence interval [CI] = 52% to 69%, P < .001; 4T1, 85% vs 20%, difference = 65%, 95% CI = 62% to 69%, P < .001; Figure 1 , A ). Similar effects were seen when bortezomib at 10 nM was combined with TRAIL, whereas the combination of bortezomib at 2.5 nM and TRAIL was without effect (data not shown). Experiments in which different schedules of these agents were tested showed that the pretreatment of these tumors with bortezomib sensitized them to TRAIL-mediated death and not vice versa (data not shown).
We next investigated whether the mouse TRAIL receptor DR5 monoclonal antibody MD5-1 could be cytotoxic in a manner similar to recombinant TRAIL. Soluble MD5-1 had little cytotoxic effect, even when combined with bortezomib (data not shown). However, exposure of cells that were pretreated with bortezomib (20 nM) to immobilized protein A -bound MD5-1 (5 µ g/mL) led to a statistically signifi cant reduction in cell numbers (mean percent decrease in cell number, bortezomib + MD5-1 vs MD5-1: Renca-FLAG, 79% vs 27%, difference = 52%, 95% CI = 46% to 55%, P < .001; Renca-FLIP, 39% vs 4.9%, difference = 34.1%, 95% CI = 29% to 38%, P < .001; 4T1, 67% vs 30%, difference = 37%, 95% CI = 26% to 45%, P < .001) ( Figure 1, B ) , confi rming previous fi ndings that appropriate cross-linking of MD5-1 is crucial for its optimal biologic effects (17) .
Tumor cells exhibited apoptotic morphology following bortezomib and TRAIL treatments (data not shown). Addition of the pan-caspase inhibitor zVAD-FMK to Renca-FLAG and 4T1 cells before incubation with TRAIL blocked TRAIL-mediated apoptosis as assessed by fl ow cytometry of annexin-V and propidium iodidestained cells ( Figure 2 ) , suggesting that the combination of bortezomib and TRAIL induced caspase-dependent apoptosis in these tumor cells. Furthermore, the enhanced cytotoxicity of the combination treatment of these cells was also confi rmed by the 111 In-oxine release (Supplementary Figure 2, available online) . Thus, pharmacologically relevant bortezomib concentrations [10 -20 nM ( 26 ) ] reduced the threshold for apoptosis in response to a death receptor -mediated signal in both renal and mammary carcinoma cells.
Molecular Basis of Bortezomib-Induced Sensitization of Tumor Cells to Apoptotic Signals
The bortezomib-mediated sensitization of Renca-FLAG and 4T1 tumor cells to TRAIL-mediated apoptotic signals was a transient phenomenon. The dramatic decrease in cell number in response to TRAIL was still evident 12 hours after removal of bortezomib but was lost by 24 hours ( Figure 3, A ) . The bortezomib concentration (20 nM) that was required to sensitize these tumor cells to apoptosis was itself cytostatic. Long-term (6-day) culture of the treated tumor cells showed that the cytostatic effect of bortezomib was transient -at day 6 after bortezomib removal, we observed substantial cell proliferation. By contrast, the combination of bortezomib and TRAIL was cytotoxic, resulting in a dramatic reduction of tumor cell numbers on day 6 ( Figure 3, B ) .
To investigate the molecular mechanism(s) underlying this transient sensitization of tumors to apoptotic signals, we assessed the activity of various components of apoptotic signaling pathways. Apoptotic signaling can follow a mitochondria-dependent (intrinsic) or -independent (extrinsic) pathway after engagement of the TRAIL receptor with its cognate ligands ( 12 , 27 ) . Renca-FLAG, Renca-FLIP, or 4T1 cells treated with bortezomib alone (10 nM, overnight) did not show any mitochondrial membrane depolarization ( Figure 3, C ) , whereas the neuroblastoma TBJ tumor cell line did ( 28 ) . Also, no major changes in the protein levels of Bcl-2 or Bax, which normally regulate mitochondria-dependent apoptosis, were detected in these tumor cells following bortezomib treatment (data not shown). Furthermore, both Bcl-2 -transduced 4T1 cells (Supplementary Figure 3 , available online) and parental 4T1 cells showed a similar decrease in cell number when treated with the combination of bortezomib and TRAIL ( Figure 3, D ) . By contrast, fewer 4T1-Bcl-2 cells than parental 4T1 cells died after treatment with staurosporine, a trigger of the intrinsic apoptotic pathway ( Figure 3, D , right) . The lack of an effect of Bcl-2 expression on the bortezomib-induced sensitization of 4T1 cells to TRAILmediated cytotoxicity implies that 4T1 cells did not require a mitochondria-dependent amplifi cation of the apoptotic signal in response to this combination of agents. Moreover, bortezomib (20 nM) had no effect on the cellular levels of the antiapoptotic proteins cFLIP, cIAP, and XIAP in Renca-FLAG, Renca-FLIP, and 4T1 cells ( Figure 4, D ) . Therefore, there were no obvious changes in the cellular levels of a variety of proteins involved in apoptosis following bortezomib treatment.
Furthermore, these tumor cell lines exhibit constitutive cell surface expression of death receptor DR5, and expression was only slightly enhanced following overnight sensitization with bortezomib (mean fl uorescence intensity, untreated cells vs bortezomib-treated cells: Renca-FLAG, 127 vs 157, difference = 30, 95% CI = 54 to 113, P = .4; Renca-FLIP, 139 vs 189, difference = 50, 95% CI = 77 to 177, P = .3; and 4T1, 190 vs 272, difference = 82, 95% CI = 1.4 to 163, P = .04) ( Figure 4, A ) . However, a critical step in TRAIL signaling after receptor aggregation is thought to be the dimerization of pro-caspase-8 in the death-inducing signaling complex ( 29 ) , which confers a conformational change that is required for its enzymatic activity ( 30 ) . Increased enzymatic activation of caspase-8 ( Figure 4, B ) and accumulation of the cleaved form (43 kDa) of caspase-8 ( Figure 4, C ) was seen in all three tumor cell lines treated with the combination of bortezomib and TRAIL. These treated tumor cells also had elevated caspase-3 enzyme activity ( Figure 4 , B ). The major molecular mechanism for bortezomib-sensitization to TRAIL-mediated apoptosis in these renal and breast tumor cells therefore seems to be a direct increase in caspase-8 enzyme activity, thus amplifying upstream signaling of the extrinsic apoptotic pathway.
Therapeutic Benefit of Bortezomib Plus Anti-DR5 Administration
Mice with Renca-FLAG tumors were treated with bortezomib, followed 5 hours later by agonistic TRAIL-receptor monoclonal antibody MD5-1. Mice treated with the combination of bortezomib (0.5 mg/kg) and MD5-1 (5 µ g per mouse) had fewer lung metastases than mice that were treated with either single agent (mean no. of lung metastases, combination treatment vs MD5-1 alone: 1 vs 8, difference = 7, 95% CI = 5 to 9, P < .001) ( Figure 5, A ) . Administration of even higher doses of bortezomib (1.5 mg/kg) or MD5-1 (200 µ g per mouse) alone failed to reduce metastases as much as the combination treatment ( Figure 5, C ) . Furthermore, the combination treatment also caused a substantial reduction in lung metastases of 4T1, a highly metastatic mammary tumor line ( Figure 5, B ) , suggesting that this combination regimen may have therapeutic benefits in different tumor types.
We next examined the long-term effects of the combination treatment. No long-term survival benefi t was observed in mice treated with the combination or bortezomib at 0.5 mg/kg and MD5-1 at 5 µ g (data not shown). To optimize the antitumor therapeutic potential of the combination treatment, we titrated the doses of bortezomib and MD5-1 and the frequency of their administration. Four cycles of combination treatment with bortezomib (1 mg/kg) and MD5-1 (50 µ g per mouse) administered on days 4, 7, 11, and 15 after tumor injection was optimal for long-term therapy in WT mice. At day 181, 22 of 30 (73%) mice bearing experimental lung metastases of Renca-FLAG were alive and tumor free following combination therapy, whereas median survival of mice treated with bortezomib and control isotype antibody was 42 days (95% CI = 41 to 44 days, P < .001) and that of mice treated with MD5-1 alone was 57 days (95% CI = 51 to 64 days, P < .001) ( Fig. 6, A ) . A statistically signifi cant extension in the median survival time, albeit with few long-term survivors, was also observed among Renca-FLIP tumor -bearing mice with the combination treatment (combination vs MD5-1 alone, 60 days vs 41 days, difference = 19 days, 95% CI = 17 to 24 days; P = .001) ( Figure  6, B ) . The increased long-term survival by the combination of bortezomib with MD5-1 in vivo suggests that the therapeutic mechanism is dependent on enhanced apoptotic signaling and can still act even on tumors that are relatively refractory to death receptor -mediated killing.
We further evaluated whether the therapeutic benefi t of the combination regimen depended on the host's immune system. About 60% of the Renca-FLAG tumor -bearing SCID mice treated with bortezomib and MD5-1 showed long-term tumorfree survival (median survival: combination vs saline, 181 days vs 49 days, difference = 132 days, 95% CI = 128 to 139 days; P < .001) ( Figure 6, D ) . We also evaluated the effect of the combination regimen in the Renca-FLAG tumor -bearing WT mice following depletion treatments with anti-CD8 ␣ , anti-CD4, and anti -asialo-GM1 antibodies. No reduction of the therapeutic benefi t of the combination regimen was observed following the lymphocyte depletions ( Figure 6, C ) . In addition, mice surviving after combination therapy did not reject the tumor on rechallenge (data not shown). Therefore, the therapeutic effect of the combination regimen did not require any obvious contribution of the host's immune response but seemingly involved enhanced direct cytotoxic effects on the tumor cells themselves.
Lack of Toxicity of Bortezomib and Anti-DR5 Therapy
To assess hepatotoxicity, levels of serum AST and ALT in mice following six combination treatments with bortezomib (1.5 mg/kg) plus MD5-1 (50 µ g per mouse intraperitoneally) in non -tumorbearing mice (experiment 1) or four combination treatments with bortezomib (1 mg/kg) plus MD5-1 (50 µ g per mouse intravenously) in Renca-FLAG tumor -bearing mice (experiment 2) were measured 2 days (experiment 1) or 3 days (experiment 2) after the last injection of bortezomib. No major change in these enzyme levels was observed ( Figure 7, A ) . Treated mice from experiments 1 and 2 showed no clinically abnormal behavior or any difference in body or organ weight compared with control mice. No gross abnormalities were noted, nor was there any histologic evidence of tissue pathology in the liver, thymus, kidney, brain, lungs, intestine, or skin ( Figure 7 , B and data not shown). Also, no substantial changes in the numbers of red or white blood cells or lymphocytes in the peripheral blood evaluated 3 days after the fourth treatment of the combination regimen (bortezomib 1 mg/kg plus MD5-1 200 µ g per mouse intravenously) were observed in experiment 2 ( Figure 7, C ) . A slight but non -statistically significant increase in platelet counts was seen treatments; * P = .001 (two-sided log-rank test). C ) Survival of Renca-FLAG (1 × 10 4 ) tumor -bearing BALB/c WT mice following combination treatments (Combo) compared with the groups treated with the combination with coinjections of anti-CD4 (aCD4), anti-CD8 ␣ (aCD8), or antiasialo-GM1 (aGM1) antibodies (see "Methods") (n = 15 in each group). * P = .5, ** P = .2 (two-sided log-rank test). D ) Survival of Renca-FLAG (1 × 10 4 ) tumor -bearing BALB/c severe combined immunodefi ciency mice following combination treatments (days 4 and 11 only after tumor cell injection) compared with the groups treated with saline (n = 30 each). * P < .001 (two-sided log-rank test). Data from three ( A ), two ( B and C ), and three ( D ) independent experiments are shown. Numbers of mice at risk on various days are given below each graph. in mice treated with bortezomib or with bortezomib and MD5-1, compared with control mice at this time point ( Figure 7, D ) . Necropsies of mice in experiment 2 showed abundant tumor metastases only in the untreated mice (data not shown).
Sensitization of Human Renal and Mammary Tumors to TRAIL
We evaluated also the effect of bortezomib on TRAIL-mediated death of human renal cell carcinoma cells ACHN and A498 or mammary carcinomas MDA-MB-231 and BT-549. A decrease in tumor cell number in response to the bortezomib and TRAIL combination occurred in all these human tumor lines ( Figure 8 ). This decrease was due to enhanced tumor cell apoptosis as assessed by annexin-V and propidium iodide staining of cells (data not shown), thereby suggesting that bortezomib augmented TRAIL-mediated apoptotic signaling in these human tumor cells.
Discussion
We examined the ability of a combination of bortezomib with a death ligand TRAIL receptor agonist monoclonal antibody MD5-1 to promote cancer cell death in vivo. This combination regimen increased survival among the mice with lung metastases of Renca-FLAG, whereas bortezomib or MD5-1 alone provided no survival benefit compared with saline. Also, this regimen showed no evidence of host toxicity. These results thus provide a rationale for the administration of bortezomib in vivo to sensitize tumor cells to the apoptotic effects of TRAIL receptor agonist antibodies or TRAIL ligand to promote solid tumor regression.
Because proteasome inhibition can have many biologic effects, multiple molecular changes could underlie sensitization of tumor cells to TRAIL-mediated apoptosis. For example, the blocking of NF-B activation following proteasome inhibition may sensitize cells to TRAIL-mediated apoptosis ( 31 , 32 ) . However, blocking NF-B activation is not always required for sensitization of tumor cells to TRAIL ( 20 , 33 , 34 ) . Bortezomib-induced sensitization of tumor cells to TRAIL has been reported to involve increases in TRAIL receptors ( 22 , 35 , 36 ) , decreases in antiapoptotic proteins c-FLIP ( 20 , 37 ) and XIAP ( 34 ) , effects on members of the Bcl-2 family ( 22 , 38 , 39 ) , the release of proapoptotic factors from the mitochondria ( 34 , 40 ) , and increased p21 expression ( 41 ) . However, few studies have assessed the effects of proteasome inhibition alone or in combination with TRAIL on long-term survival of tumor cells. Moreover, most of these studies used high concentrations (100 -1000 nM) of bortezomib in vitro that cannot be extrapolated to the therapeutic situation in vivo. Consequently, high concentrations of proteasome inhibitors alone can damage cells through increasing calcium levels ( 42 ), endoplasmic reticulum stress ( 43 ) , and aggresome formation ( 44 ) and changing mitochondrial function ( 42 ) . Higher concentrations (>100 nM) of bortezomib show cytotoxic effects on most tumor cells after 48 -96 hours. Therefore, in studies using high concentrations of bortezomib, subsequent exposure to TRAIL may merely be increasing the kinetics of an apoptotic process that has already been initiated by bortezomib. The maximum concentration of bortezomib (20 nM) used in our studies was transiently cytostatic to tumors and became cytotoxic only in the presence of TRAIL. Therefore, the molecular basis of the sensitization of tumor cells to TRAIL following bortezomib treatment could be clearly separated from the direct cytotoxic effects of bortezomib alone. Furthermore, 10 -20 nM concentrations of bortezomib are attainable in vivo ( 26 ) , and the level of proteasome inhibition [about 80% in Renca ( 20 ) and 4T1 cells (data not shown)] that occurs at these concentrations can be tolerated in both mice and humans without appreciable toxicity ( 45 , 46 ) . Because no changes in the mitochondrial membrane potential were observed after treatment with low concentrations of bortezomib and because Bcl-2 overexpression did not abrogate bortezomib sensitization, it appears that bortezomib-induced amplifi cation of the caspase-8 activation in response to TRAIL is probably important for enhanced apoptosis of Renca-FLAG and 4T1 cells treated with bortezomib and TRAIL. This crucial role for caspase-8 activation is in agreement with previous studies on bortezomib sensitization of human hepatoma cells to TRAIL ( 36 ) . The molecular basis of this increased caspase-8 activity is currently under investigation. In contrast to previous studies ( 22 , 38 , 39 ) , we observed no role for Bcl-2 family members in the bortezomib-induced sensitization to TRAIL. However, individual cells may differ in their requirements for a Bid-mediated mitochondrial contribution to the apoptotic cascade ( 12 , 27 ) . From this study and other reports ( 22 , 33 ) , it is encouraging that some tumors can be sensitized to TRAILmediated apoptosis by bortezomib even when they express high levels of antiapoptotic proteins, such as c-FLIP or Bcl-2. Additional studies of a possible molecular link between cell cycle inhibition and apoptosis sensitization are merited. Identifi cation of the molecular changes that are necessary for bortezomibinduced sensitization to TRAIL could allow for a molecular profi ling of tumors to select for those most responsive to bortezomib and TRAIL therapies ( 47 ) .
The combination treatment of bortezomib and MD5-1 worked well in SCID mice. This fi nding suggests that the major therapeutic effect of this combination involves direct tumor cytotoxicity, without dependence on an adaptive immune response.
This study has some limitations. We evaluated therapeutic efficacy of bortezomib and MD5-1 antibody in 4-day mouse tumors. The therapeutic effi cacy of this combination regimen may be limited in advanced tumors. Moreover, little is known about the effects of bortezomib on immune responses. Bortezomib may have immunosuppressive effects, which may hamper the capacity of the host to mount an antitumor immune response in advanced tumors. Inhibitory effects of bortezomib on dendritic cells in vitro ( 48 , 49 ) and on the generation of graft-versus-host disease in vivo ( 50 ) have been reported. These effects may be indications of a suppression of adaptive immune responses by bortezomib, limiting T cellmediated eradication of tumor cells.
Despite these limitations, we recently reported that bortezomib could enhance the immunotherapeutic effi cacy of the cytokines IL-2 and IL-12 ( 28 ) . Therefore, with appropriate scheduling, it may be possible to combine molecular targeted tumor cytotoxicity using bortezomib and TRAIL receptor agonists with immunotherapy regimens for increased therapeutic benefi t. Because bortezomib can also sensitize tumor cells to apoptosis in response to TNF-␣ or Fas ligand (data not shown), another possible treatment strategy could be to combine bortezomib with the adoptive transfer of T cells or natural killer cells as sources of multiple death ligands ( 51 , 52 ) .
In summary, this preclinical study has provided both a molecular basis and a translationally relevant proof of principle for the therapeutic combination of the proteasome inhibitor bortezomib with death receptor agonist monoclonal antibodies or recombinant TRAIL/Apo2L in vivo to promote tumor cell apoptosis. and BT-549. Percent decrease in cell number is shown as means and 95% confi dence intervals (n = 3) from one representative experiment of fi ve independent experiments. * P < .001 (analysis of variance, twosided) with respect to single agents.
